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Abstract: Decorating semiconductor surfaces with plas-
monic nanoparticles (NPs) is considered a viable solution 
for enhancing the absorptive properties of photovoltaic and 
photodetecting devices. We propose to deposit silver NPs 
on top of a semiconductor wafer by a cheap and fast elec-
troless plating technique. Optical characterization con-
firms that the random array of electroless-deposited NPs 
improves absorption by up to 20% in a broadband of near-
infrared frequencies from the bandgap edge to 2000 nm. 
Due to the small filling fraction of particles, the reflection 
in the visible range is practically unchanged, which points 
to the possible applications of such deposition method for 
harvesting photons in nanophotonics and photovoltaics. 
The broadband absorption is a consequence of the reso-
nant behavior of particles with different shapes and sizes, 
which strongly localize the incident light at the interface 
of a high-index semiconductor substrate. Our hypothesis 
is substantiated by examining the plasmonic response of 
the electroless-deposited NPs using both electron energy 
loss spectroscopy and numerical calculations.
Keywords: plasmonic nanoparticles; absorption enhance-
ment; random nanoparticles; electroless plating; electron 
energy loss spectroscopy.
1  Introduction
In the last 20 years, there has been an increasing inter-
est in plasmonics, with an attention on applications and 
new emerging directions [1, 2]. The fields of application 
include molecular sensing [3–5] and tagging [6, 7], focus-
ing of light [8, 9], near-field optical microscopy [10, 11], 
subwavelength photonics [12, 13], structural colors [14, 
15], and optical metamaterials [16, 17]. In particular, the 
use of plasmons for hot-electron science and photovol-
taics is strongly appealing [18–23]. Plasmonics is now 
considered a significant approach to enhancing the light-
trapping properties of thin-film solar cells. Metal nano-
particles (NPs) support surface plasmon modes, which are 
used to efficiently couple light into the optical modes of 
the underlying or surrounding semiconductor. The exci-
tation of localized surface plasmons (LSPs) gives rise to 
pronounced optical absorption, field localization, and 
anomalous scattering phenomena [24–27]. The resonance 
wavelength depends on the size, shape, and local dielec-
tric environment of the NP. Thus, absorption enhance-
ment in a defined wavelength range can be achieved 
using such knobs to tune the LSP resonance [3]. It is well 
known that for spherical-like gold and silver NPs the reso-
nances typically fall into the visible-light spectrum region 
[18, 19, 28]. However, it is also worth emphasizing that 
an LSP resonance red-shift can be achieved by increas-
ing the particle aspect ratio [29] and the size of the NPs 
[30] or by employing particle ensembles and the hybridi-
zation of particles [31–33]. In this work, we are interested 
in light absorption in the near-infrared (IR) region of the 
solar spectrum to harvest photons that would otherwise 
be wasted because of the intrinsic limit (bandgap) of semi-
conductor materials.
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Metallic NPs can be placed in the vicinity of the active 
layer of a thin-film solar cell, by means of the transpar-
ent electrode-semiconductor interface, and used as active 
nanoantennas absorbing photons with energy below the 
semiconductor bandgap (ℏω < Eg) but above the metal 
work function Wb (ℏω > Wb) [34–37] (see the simplified 
mechanism of plasmonic particle photocurrent genera-
tion sketched in Figure 1A). Once the photon is absorbed 
by the metallic NP, an electron close to the Fermi level 
can be excited to the conduction band (Ec) of the semi-
conductor. This is referred to as a sub-bandgap absorp-
tion process: the involved photon energy ℏω is smaller 
than the usual transition from the valence band (Ev) to 
the conduction band (i.e. ℏω < Eg = Ec-Ev). Photon absorp-
tion in such a case may result in the photoemission of an 
electron from the metal NP into the semiconductor. This 
mechanism allows the harvesting of photons with a sub-
bandgap energy usually not exploited by a typical photo-
voltaic device (Figure 1A).
The possibility of photoemission through the near-IR 
plasmonic excitation has been discussed and experi-
mentally demonstrated [34, 37–46], proving the exist-
ence of different ways to extend the spectral response 
of a photovoltaic device. However, in most cases, the 
costly and CMOS-incompatible electron-beam lithogra-
phy is used. Although key to the realization and explora-
tion of plasmon phenomena, electron-beam lithography 
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Figure 1: Illustration of the NP electron emission mechanism (A) 
and illustration of the working principle of the integrating sphere for 
reflectance (B) and transmittance (C) measurements, respectively.
clearly  jeopardizes the application potential of plasmon 
nanostructures. In this article, we report an alternative 
approach of mass fabrication of silver NPs on top of the 
semiconductor interface, which is known as the electro-
less deposition of metal. Electroless plating has attracted 
great interest due to the simplicity of operation, cost- 
effectiveness, high throughput, and the limited require-
ments of elaborate equipment [47, 48]. Over the last few 
years, in contrast to complex and expensive vacuum 
methods of metallization, electroless deposition, as an 
alternative to colloidal solutions and self-assembly tech-
niques, has also been used as a worthwhile method for the 
fabrication of metallic NPs on different surfaces [49–52].
The structure of the article is as follows. In Section 2, 
we describe the electroless deposition of silver NPs on a 
GaAs wafer. In Section 3, we report the results of sample 
characterization. We observe the pronounced and spec-
trally very flat enhancement of absorption in a broad 
range of wavelengths from 900 nm (just above the GaAs 
bandgap) up to 2 μm. In Section 4, we provide the theoreti-
cal interpretation of our experimental results. The topol-
ogy information and electromagnetic near-field properties 
of the deposited NPs are obtained using electron energy 
loss spectroscopy (EELS) as presented in Section 5. Finally, 
conclusions are given in Section 6.
2  Electroless plating
Arrays of silver NPs are deposited on the surface of an 
n-doped GaAs wafer. The silver plating solution is com-
posed of silver nitrate (AgNO3) diluted in water at 2% and 
hydrofluoric acid (HF) at 5% concentration. The density 
of silver coating can vary with the time of deposition 
and solution concentrations. More precise descriptions 
of recipes have been reported elsewhere along with the 
studies of morphology of the silver coating as well as indi-
vidual particle deposition [51, 52].
The deposition leads to random arrays of particles, as 
shown in the scanning electron microscopy (SEM) images 
of Figure 2. The randomness guarantees the homogeneity 
of the particle distribution. However, the unknown para-
meters so far are the density of silver NPs and their sizes. 
The former has an optimal value: the density needs to be 
sufficiently large to provide a valuable yield in absorption 
enhancement yet well below the percolation threshold so 
that the film of the particles remains transparent to the 
light illuminating the underlying semiconductor surface. 
The average size of the particles is also a very sensitive 
parameter, as it needs to provide a reasonable absorption 
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cross-section while adequately red-shifting the LSP reso-
nances into the near-IR range [53]. The LSP resonances 
of the NPs experience a red shift due to the surrounding 
media, which in our case constitutes an optically thick 
GaAs substrate and a 100-nm-thick transparent indium-
tin oxide (ITO) contact layer.
An example of a fabricated sample is shown in 
Figure 2. The deposited NPs have an average size of 70 nm 
and cover 21% of the surface’s area. The typical cross-
section shapes of the NPs range from circular to elliptical 
while also featuring particle dimers and trimers with tiny 
gaps.
3  Optical characterization
Our main emphasis is the change in the IR absorbance 
due to the presence of the particles. To determine the 
absorption spectra, we use a 2-inch integrating sphere. 
The instrument consists of a hollow spherical cavity with 
its interior covered by a diffuse white-reflective coating. 
Therefore, all photons entering the sphere are diffusively 
scattered and collected by an optical fiber connected to a 
spectrometer (near-IR range). Such geometry of the meas-
urement ensures a fair sampling of the light that has not 
been absorbed in the sample [i.e. all specularly and dif-
fusively scattered light either transmitted (T) or reflected 
(R) by the sample]. Due to the flux conservation, the 
100 nm
1 µm
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Figure 2: SEM images of silver NPs deposited by electroless plating 
on GaAs substrate. (A) Overview and (B) zoom-in images.
Top view of typical NP shapes such as circular, elliptical, and over-
lapping dimers.
absorbance (A) is calculated as A = 1-R-T. During the meas-
urements, the sample is always placed outside the sphere 
while attached to the entrance port; the characterization 
configurations are sketched in Figure 1B and C.
In terms of potential photovoltaic applications, the 
most interesting photon-energy range is limited by the 
height of the Schottky barrier between the particle (Ag) 
and the semiconductor (n-GaAs). It is 0.63 eV [54] or 
1968 nm in terms of the wavelength. We also monitor the 
visible range to ensure that no pronounced reductions in 
absorption happen due to the presence of the particles.
We measure the reflectance and transmittance from 
the sample shown in Figure 2 along with a reference 
sample comprising an identical n-GaAs substrate but 
without NPs. Before the measurements, both samples are 
coated with a 100-nm-thick layer of ITO. The measured 
transmittance and reflectance spectra along with the cal-
culated absorbance spectrum are shown in Figure 3A–C, 
respectively.
In the wavelength region 900–2000 nm (beyond the 
bandgap of n-GaAs), the reflectance is increased by up 
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Figure 3: Spectral characterization of samples. 
(A) Reflectance R, (B) transmittance T, and (C) absorbance A spectra 
of ITO semiconductor sample with silver NPs (blue) and reference 
sample without NPs (red). (D) Difference in absorbance ΔA between 
the sample and the reference.
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to 5%–7% (Figure 3A), whereas the transmittance drops 
by more than 20% (Figure 3B). The presence of silver NPs 
results in a large (up to 25%) and very broad absorbance 
enhancement (Figure 3C), spanning the entire IR range 
and also some parts of the visible spectral range. We also 
note that no pronounced changes in the reflectance in the 
visible range are observed, suggesting that the screening 
effect of the NPs will not affect adversely the operation of 
devices for potential photovoltaic applications.
Plotting the difference in absorbance between the 
samples with and without NPs (Figure 3D) further visu-
alizes the plasmonic enhancement. We observe no reso-
nant features, but rather we find a wide and flat plateau 
in the spectrum. We speculate that such spectral behavior 
of the absorption enhancement results from the different 
contributions of a random distribution of NPs, which fea-
tures NPs of various sizes and shapes along with various 
particle-dimer configurations. To further investigate the 
effect, the main elements characterizing the NP distribu-
tion of the sample under study (single, elongated, and 
overlapping dimers) are modeled numerically with the aid 
of classical electrodynamics and furthermore examined 
experimentally using EELS.
4  Simulations
To interpret the observed spectra, we complement 
the experimental results with theoretical simulations 
using a commercially available finite-element software 
(COMSOL), which solves the classical Maxwell equations. 
We are interested in understanding the basic mechanism 
behind the observed broadband absorbance enhance-
ment in the near-IR spectral range. To this end, we focus 
our simulations on the most characteristic NP shapes of 
the sample (i.e. circular and elliptical particles and dimers 
composed of such particles; Figure 2). Furthermore, we 
theoretically consider the NPs to be spatially isolated and 
electromagnetically decoupled from other NPs, thereby 
neglecting any effects due to their possible collective 
interactions. For simplicity, the silver NPs are assigned 
a disk shape with a fixed thickness t = 30 nm along with 
varying cross-section shapes (see Figure 4A–C for illustra-
tions). The incident electric field is always polarized along 
the long axis of the disks to maximize the coupling to the 
longest-wavelength plasmonic resonances. Finally, the 
disks are situated on a semi-infinite GaAs substrate while 
covered by an ITO layer of thickness tITO = 100 nm.
To understand the influence of the surrounding 
medium on the plasmonic response of the nanodisks, 
we begin by considering the extinction cross-section 
of a circular disk of radius R = 65  nm in three different 
configurations: (i) homogeneously embedded in air, (ii) 
situated on a GaAs substrate with air above, and (iii) 
situated on a GaAs substrate with a covering ITO layer. 
The results of the simulations are presented in Figure 
4A. It shows that the dipole resonance (see inset of 
Figure 4A for the electric field amplitude) of the disk is 
red-shifted due to the presence of the GaAs substrate 
by about 700 nm from the visible to the near-IR range. 
Because we are interpolating experimental data for the 
permittivities of Ag, GaAs, and ITO [55–57], our simula-
tions are restricted to the wavelength range of 1000–
1750 nm. Interestingly, adding the ITO layer does not, 
in this particular case, alter the resonance wavelength 
significantly, as the real part of the permittivity of ITO is 
around unity (i.e. like air) at the resonance wavelength 
(~1200 nm) [57]. However, we observe a decrease in the 
amplitude of the extinction cross-section due to the 
finite imaginary part of the permittivity of ITO. An addi-
tional important feature of ITO is that the real part of the 
permittivity changes sign at a wavelength of approxi-
mately λITO = 1400  nm [57], which is positive for shorter 
wavelengths. Thus, the plasmonic modes supported by 
the nanodisks that resonate below (above) λITO will be 
red-shifted (blue-shifted) closer to λITO, thereby giving 
rise to plasmonic resonances in the desired near-IR 
range from different nanodisk shapes.
One of the potential reasons for the experimentally 
observed absorbance enhancement in the presence of the 
NPs could be related to ohmic losses in the NP and not, as 
desired, to increased photocurrent in the semiconductor 
layer due to hot-electron transfer. Hence, it is important to 
also look at the two contributions to the extinction cross-
section: the scattering and absorption cross-sections. In 
Figure 4B, we study an elliptical disk with the minor and 
major semiaxes a = 50 nm and b = 120 nm, respectively. We 
observe a dipole resonance at approximately 1600 nm. 
The resonance wavelength is longer than for the case of 
a circular disk in Figure 4A due to the increased size and 
aspect ratio of the disk. Importantly, we note that the main 
contribution to the extinction cross-section comes from 
scattering and not absorption. We can therefore argue that 
the experimentally observed absorbance enhancement is 
not due to ohmic dissipation in the NPs but more likely 
due to the hot-electron transfer to the GaAs substrate. 
These hot electrons could eventually be detected as an 
increase in a photocurrent.
Finally, we also studied the extinction cross-section of 
dimers composed of overlapping nanodisks with varying 
overlap g. The results for overlaps g = 5, 10, and 15 nm are 
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Figure 4: Resonance behavior of three characteristic shapes of silver NPs. 
(A) Left: Schematic illustration of the simulation model depicting a TM plane wave impinging normal to the circular silver nanodisk of 
thickness t and radius R. The disk is situated on a semi-infinite GaAs substrate and covered by an ITO layer of thickness tITO = 100 nm. Right: 
Extinction cross-section σext normalized to the cross-section disk area A for three different cases: disk embedded in air (blue), disk on a 
GaAs substrate with air above (red), and disk on a GaAs substrate covered by an ITO layer. (B) Left: Similar to (A) but for an elliptical silver 
nanodisk with minor and major semiaxes a and b, respectively. The incident electric field is polarized along the major semiaxis. Right: 
Normalized scattering (dash), absorption (dash-dot), and extinction (solid) cross-sections of an elliptical disk with semiaxes a = 50 nm 
and b = 120 nm situated on a GaAs substrate with a covering ITO layer. (C) Normalized extinction cross-section of overlapping disk dimers 
with radius R = 65 nm and varying overlap g. The sharp contact points at the overlap are rounded with a radius of 5 nm. The insets show the 
resonant electric field amplitude evaluated at the top interface of the disks. The dielectric functions for Ag, GaAs, and ITO are taken from 
experimental data [55–57].
presented in Figure 4C, which shows that the overlap-
ping dimers produce plasmonic resonances at even longer 
wavelengths than elongated particles, thereby explaining 
the absorbance enhancement at the longest wavelengths 
( ≥ 1700 nm). These bigger red-shifts occur as a result of 
hybridization [32], when the particles start to overlap.
Summarizing, we have theoretically shown that the 
three most characteristic NP shapes of our sample (i.e. cir-
cular, elliptical, and overlapping dimers) all support plas-
monic resonances in the near-IR spectral range. Hence, 
we speculate that these resonances generate hot electrons 
that are transferred to the GaAs substrate.
5  EELS characterization
EELS using focused electron beams can be used to probe 
a variety of LSP modes [58–61], including the common 
bright modes but also dark plasmon modes [62, 63] as well 
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as higher-order modes [64, 65]. This means that, using this 
technique, we are able to excite with an electron beam all 
the dipolar resonances [66] that we found to be optically 
active and that are, from theoretical simulations, expected 
to be responsible for the broadband monotonous absorb-
ance enhancement.
We are particularly interested in exploring the plas-
monic excitations of the silver NPs produced using elec-
troless plating. The samples needed for such analysis 
are prepared using, as the substrate, windows of 10-nm-
thick silicon nitride (Si3N4) membranes on a frame of very 
small (3 × 3 mm) silicon chips of 100 μm thickness. Such 
substrates are commercially available and are made for 
transmission electron microscopy (TEM)-related meas-
urements. On top of the membranes, an additional Si3N4 
layer is deposited by PECVD to compensate for HF etching 
during the subsequent electroless process; the total thick-
ness of the silicon nitride layer turned out to be about 
20 nm, which is still transparent for the TEM and EELS 
measurements.
The EELS measurements are performed in an FEI Titan 
equipped with a monochromator and probe aberration 
corrector, allowing for subnanometer spatial resolution 
and energy resolution of 0.15±0.05 eV. To acquire EELS 
data, the microscope is used in the scanning TEM (STEM) 
mode, where the images are created by raster scanning 
of the subnanometer focused electron beam across the 
sample. At each position, an EELS spectrum can also be 
acquired, which produces a two-dimensional spatial map 
of EELS data. Such data can be used to image the near-
field of the plasmonic resonances [58, 65] or simply to 
study individual EELS spectra.
The fabrication of the TEM samples is challeng-
ing due to the aggressiveness of the HF, used during 
electroless plating, on the very thin silicon nitride mem-
brane. Figure 5A shows a STEM image of one of the best 
obtained samples, which is characterized by a distribu-
tion of NPs very similar to the optically characterized 
sample (Figure 2). We observe a wide distribution of parti-
cle sizes and shapes: particles with circular cross-sections 
with diameters ranging from about 20 to 70  nm along 
with elongated particles with different aspect ratios (even 
bigger than 2) and reaching major axis lengths of about 
130 nm. Elongated particles approaching a wire geom-
etry may support a series of standing-wave plasmonic 
resonances [67]. It is important to highlight the position 
distribution, which is completely random but in particu-
lar gives rise to dimers or groups of particles very close 
to each other (if not overlapping), with even nanometer-
sized gaps. In principle, nonlocal effects may enhance the 
absorption too [68–70].
EELS measurements were performed on different 
areas of the TEM sample. In Figure 5A, the white dashed 
box indicates one of the areas from which an EELS map 
was acquired. Because our primary interest is in LSP exci-
tations, we focus only on a few EELS spectra acquired 
from positions near the surface of the silver NPs, where 
the surface plasmon signal is the largest [65]. In particular, 
we consider the same characteristic shapes as in the simu-
lations [i.e. circular (green and blue spectra in Figure 5B), 
elongated (red spectrum in Figure 5B), and dimers (yellow 
spectrum in Figure 5B)]. As in the simulations, we find that 
the circular-like particles exhibit, on average, larger reso-
nance energies than the elongated particles that in turn 
show larger resonance energies than the dimer configura-
tion. However, all of the plasmonic resonance energies are 
significantly larger than in the simulations due to the dif-
ferent surrounding medium. In the EELS measurements, 
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Figure 5: (A) STEM image of silver NPs deposited by electroless plating on a TEM-suitable 20-nm-thick silicon nitride membrane, showing 
some of the characteristic particle shapes and sizes. EELS has been collected in the area enclosed by the white dashed box. (B) EELS spectra 
from specific positions indicated by the colored dots. The vertical dotted lines highlight the lowest-energy resonance for each of the differ-
ent particles.
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the resonances are only weakly red-shifted due to the thin 
silicon nitride membrane compared to the GaAs-ITO envi-
ronment of the samples used for optical characterization. 
Therefore, assigning approximately the same 700 nm red-
shift to the resonant wavelengths as was imposed by the 
substrate (as illustrated in Figure 4A), we can state that 
the EELS characterization fully confirmed the results of 
modeling.
6  Conclusions
The cheap and effective mass-production method for the 
deposition of silver NPs on top of semiconductor wafers 
has been suggested. As a result of electroless plating, 
random arrays of NPs of different shapes and forms are 
created. The optical characterization of such systems with 
an integration sphere reveals different spectral influence 
of the particle arrays on the transmission and reflection of 
light by the coated wafer. In the IR range beyond the GaAs 
bandgap (≈900 nm), the reflectance is monotonously 
increasing with the wavelength by 5%–10% and the trans-
mittance drops down by 20% between 900 and 2000 nm. 
As a consequence of such changes, the absorbance of the 
system in the same range is increased by 10%–20% gradu-
ally descending to the long-wavelength edge. Meanwhile, 
there are no significant changes in the reflectance and 
transmittance of light above the “bandgap” range with 
wavelengths in the visible range and up to 900 nm. With 
numerical modeling, we have proven that the random 
shapes and sizes of particles deposited with the elec-
troless method are responsible for such flat broadband 
absorption enhancement. Three basic shapes have been 
chosen for numerical modeling: circular nanodisks, elon-
gated nanodisks, and dimers from overlapped nanodisks. 
The plasmonic resonance frequencies of the particles are 
profoundly modified by the presence of the high-index 
substrate: they are shifted by up to 700 nm to the longer 
wavelengths. The modeling results have been further vali-
dated by EELS experiments, which demonstrate the pres-
ence of the variety of resonances of the designated NPs in 
the specified ranges of wavelengths in the visible domain. 
Due to the technical requirements of EELS characteriza-
tion, the NPs are deposited by the electroless plating on 
an extremely thin substrate of approximately 20 nm thick-
ness. Therefore, being red-shifted by 600–700 nm with the 
presence of the high-index environment, such resonances 
would be randomly distributed in the IR range, giving a 
flat rise in absorption. The aforementioned properties of 
the random arrays of the NPs together with the exclusively 
cheap and fast production technology can be further 
exploited for various applications in photodetection, pho-
tovoltaics, and photoexcitation.
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